A spherical ultrasonic motor for space has been developed by this investigation. Development results of the spherical ultrasonic motor which can be driven under the high temperature environment of the atmospheric pressure were described by previous paper. The results about developed spherical ultrasonic motor which was investigated in the environment of low temperature and temperature cycle are described by this paper. First, it was confirmed that the spherical ultrasonic motor drives in low temperature environment of −120 °C. When durability tests for the spherical ultrasonic motor were carried out in temperature of −80 °C, approximately 60 minutes as accumulated drive time was achieved. Further, freezing phenomenon occurred on a sliding surface between stator and spherical rotor of the spherical ultrasonic motor, and drive of the spherical ultrasonic motor was disturbed. Next, when a drive experiments about the temperature cycle were carried out, influence of the temperature cycle to a torque was small. It was confirmed that the rotational speed decreases by the decline of piezoelectric of a piezoelectric element and the decline of the hardness of the adhesive to which a piezoelectric element and an elastic body are attached in high temperature environment. On the other hand, it was confirmed that the rotational speed decreases by the freezing which occurs on the sliding surface and the influence of the characteristic of the piezoelectric element in low temperature environment.
Introduction
In recent years, development of space is promoted actively, and a launch of an artificial satellite and a space probe is carried out energetically. There is much equipment using an actuator like a solar paddle, an antenna and an optical mirror for observations in a spacecraft. On the other hand, thrusters which attaches to an artificial satellite are not using an actuator. The thrusters used for attitude control and course correction are be equipped with by an artificial satellite, but it is a cause of weight increase. When the direction of the thruster can be controlled by an actuator, a thruster is integrated, and an artificial satellite is reduced the weight of. So, a spherical ultrasonic motor (hereinafter referred to as SUSM) for space used for the direction control of a thruster has been developed by this investigation. The SUSM with 3-DOF is suitable for the direction control of an integrated thruster. The ultrasonic motor [1, 2] is applied in a wide area and is investigated by many researchers [3] [4] [5] . In particular, it is expected that the SUSM [6] [7] [8] [9] is applied to medical devices [10] and robot hand [11] , etc. However, the example to which the ultrasonic motor is applied in the space is not found.
An artificial satellite is exposed to high and low temperature by receiving radiant heat from the sun and entering the shadow of the earth in space. Therefore, the SUSM for space has to be driven by both of high temperature environment and low temperature environment. For example, a performance test to equipment for space by Japan Aerospace Exploration Agency (JAXA) is carried out by the temperature cycle during ±120 °C.
The drive experiment in vacuum environment of standard temperature [12] and the drive experiment in high temperature environment (from standard temperature to +120 °C) of the atmospheric pressure [13] were carried out by the previous investigation about development of the SUSM for space. In particular, the piezoelectric element and the adhesive which function in high temperature environment were selected, and the SUSM for space using those was experimented on durably. Then, the purposes of this investigation are to experiment on the drive and the durability in low temperature environment (from standard temperature to −120 °C) of the atmospheric pressure and to evaluate the piezoelectric element and the adhesive selected by high temperature environment. It is also the purpose to investigate drive performance of the SUSM in the environment with the temperature cycle of the atmospheric pressure.
Piezoelectric element and adhesive used for SUSM

Outline of SUSM
The SUSM with 3-DOF used by this investigation is indicated on Fig. 1 . The SUSM consists of three ring-shaped stators and a spherical rotor holding by these stators. The sizes of the stator and the spherical rotor are diameter 30 mm and diameter 45 mm respectively. These sizes are proper as the SUSM used for a thruster. The stator is the structure by which a piezoelectric element was stuck by adhesive on an undersurface of a metallic elastic body (see Fig. 2 ). A drive source of ultrasonic motor is mechanical oscillation of the ultrasonic region over 20 kHz. When the alternating current volts of the high frequency are impressed on the piezoelectric element, a traveling wave generates on the stator. The spherical rotor touches each stator and drives by receiving frictional force. When rotation vector of drive force by each stator is compounded about three stators, a spherical rotor can revolve by any rotating shaft. The direction of rotation is controlled by establishing the phase difference to the alternating current volts of two input sine waves to each stator.
Selected piezoelectric element and adhesive
The piezoelectric element and the adhesive which can drive SUSM in high temperature environment of +120 °C were considered by the previous investigation. N6 piezoelectric element (made by NEC/TOKIN Co.) by which the Curie temperature is 325 °C was selected in a piezoelectric element, and adhesive TB2285 (made by Three Bond Co., Ltd) by which the glass transition temperature is 185 °C was selected in an adhesive. It is considered by this investigation that the performance of the N6 piezoelectric element and the adhesive TB2285 selected for high temperature environment is also maintained in low temperature environment.
Influence to piezoelectric element of low temperature environment
An ultrasonic motor is driven by a traveling wave which generates to a stator, and the frictional force which generates by contact of the stator oscillating by the traveling wave and the spherical rotor is the drive source of the spherical rotor. Oscillation on the stator is an elliptical orbit as shown in Fig. 2 . And the amplitude of the vertical oscillation and the horizontal oscillation is and respectively.
The definition of torque generated from each stator is indicated in Eq. (1):
where, is the friction coefficient between the spherical rotor and the stator, is the radius of the stator, and is the pressing power between the spherical rotor and the stator. The pressing power is proportional to the amplitude of the vertical oscillation of the traveling wave, and when the amplitude of the vertical oscillation is big, the pressing power becomes strong. And the rotational speed of the spherical rotor is proportional to the amplitude of the horizontal oscillation, and when the amplitude of the horizontal oscillation is big, the rotational speed is increased.
The definition of the amplitude of the vertical oscillation is indicated in Eq. (2):
where, is the speed of sound transmitted in the elastic body, is the density of the elastic body, is the thickness of the piezoelectric element, is the resonant frequency of the piezoelectric element, is the piezoelectric constant, is the Young's modulus of the piezoelectric element, and is the voltage impressed on a piezoelectric element. The piezoelectric constant of Eq. (2) is a strain by giving an electric field to the piezoelectric element, and is expressed in Eq. (3):
where, is the electromechanical coupling coefficient, and is the permittivity of a piezoelectric element. Further, the electromechanical coupling coefficient is the fixed number which shows the electrical energy added during a pole of piezoelectric substance as the efficiency changed to the mechanical energy.
The electromechanical coupling coefficient and the permittivity in Eq. (3) are expressed in Eq. (4) and Eq. (5) respectively:
where, is the anti-resonance frequency of the piezoelectric element, is the capacitance of the piezoelectric element, and is the area of the piezoelectric element. The speed of sound transmitted in the elastic body and the Young's modulus in the Eq. (2) is expressed in Eq. (6) and Eq. (7) respectively:
where, is the modulus of rigidity of the elastic body, and is the length of the circumferential direction of the piezoelectric element. Therefore, the amplitude of vertical oscillation in Eq. (2) 
The length of the circumferential direction, the thickness and the area of the piezoelectric element in Eq. (8) are the individual value for which it is difficult to be depended on the temperature for. Therefore, when the temperature changes, the electromechanical coupling coefficient, the capacitance and the modulus of rigidity of the elastic body are the physical quantity which influences the amplitude of vertical oscillation.
As reference, a rough estimate of the amplitude of vertical oscillation in standard temperature (approximately 20 °C) and low temperature (approximately −80 °C) is tried using the electromechanical coupling coefficient, the capacitance, and the modulus of rigidity of the elastic body of known data. The electromechanical coupling coefficients in standard temperature (20 °C) and low temperature (−80 °C) are 16.2 % and 12.9 % respectively, and the capacitances are 3000 pF and 2460 pF respectively. Because the main ingredient about an elastic body of a piezoelectric element is a phosphor bronze, the modulus of rigidity of the phosphor bronze in standard temperature (22 °C) and low temperature (−78 °C) are 40.2 GPa and 42.7 GPa respectively. When these numerical values are substituted for Eq. (8) On the other hand, a relation of subordinate proportion is between the amplitude of vertical oscillation and the amplitude of horizontal oscillation. Therefore, because the amplitude of the vertical oscillation and the horizontal oscillation of the elliptic orbit which generates on the stator is reduced by a decline of the temperature, a decline of the temperature is considered as the factor which causes decrease of the pressing power and the rotational speed.
Influence to adhesive of low temperature environment
The performances necessary to the adhesive are the shear strength after indurating, the size of the peel strength, and the level of the hardness after indurating. These performances should be maintained in low temperature environment. Adhesive TB2285 used for N6 piezoelectric element of the SUSM for space is the epoxy resin of the thermosetting. The performance of the adhesive is lost by dissolution and detaching in high temperature environment beyond the glass transition temperature (180 °C) and the pyrolysis temperature of the epoxy resin (250 °C-350 °C). And because the performance of the adhesive does not change when there is no use of a solvent or heating to the glass transition temperature in indurating later, the available upper limit temperature is the glass transition temperature. On the other hand, each glass transition temperature and the combination percentage of the high polymer materials influence the performance of the adhesive, but there is not a lot of data of thermal performance in low temperature environment. Then influence of temperature to the shear strength, the peel strength, and the hardness of the adhesive using the epoxy resin is considered.
The epoxy resin is generally the big modulus of elasticity, and it is hard and fragile. The shear strength is proportional to the modulus of elasticity of the adhesive, but the peel strength is in inverse proportion to that. In other words, a relation of a trade-off is between the shear strength and the peel strength. The adhesive should be applied thick to strengthen the peel strength. But because a gap is limited for the adherend inside the piezoelectric element, performance improvement of the peel strength is limited. Therefore, the important performance of the adhesive used for SUSM is the shear strength. The shear strength and the peel strength of the adhesive by which single epoxy resin is an ingredient do not change from low temperature (−73 °C) to high temperature (149 °C). In particular, the strength shear maintains the strength from −253 °C of low temperature to 150 °C of high temperature. Therefore, the shear strength and the peel strength of adhesive TB2285 are also maintained in low temperature environment like high temperature environment. On the other hand, for the general material to increase the hardness in low temperature, it is guessed at that the adhesive TB2285 also increases the hardness in low temperature. When it is based on the above, it is considered that the performance of the adhesive TB2285 is also maintained in low temperature environment.
Performance evaluation of SUSM in low temperature environment
Measuring method of rotational speed
The experimental equipment used by this investigation is indicated on Fig. 3 . The drive direction of the SUSM is restricted by the guide-rail and the guide bar. The guide bar is reciprocated at range of 110 deg along guide-rail. This driving method gives the biggest load to SUSM. The cycle experiment by which drive for 20 seconds and a stop for 10 seconds are repeated was carried out and the change in the rotational speed to the accumulated drive time was measured. The rotational speed is calculated from the animation. The temperature of the stator was measured using type thermocouple during drive. And an impedance of the piezoelectric element on the stator using an impedance analyzer (4294A made by Agilent Technologies, Inc.) was measured. Fig. 3 was installed in the thermostat oven by this investigation. The SUSM inside the thermostat oven is connected to the motor driver and the motor controller in the outside by a cable. The cable passes through the small hole in the thermostat oven underside. To drive the SUSM by impressing of a resonant frequency, the exclusive motor driver has the function which searches a resonant frequency automatically.
Temperature setting of low temperature environment
Low temperature environment of this investigation is achieved by cooling in the thermostat oven by liquid nitrogen gas. And, when the temperature was less than −80 °C, the phenomenon which disturbs drive of the SUSM by a freezing which occurred between the stator and the spherical rotor was observed. It is considered as the cause of the freezing that outside air including humidity flows in from a gap of the thermostat oven underside or that outside air including humidity is added to cold gas for temperature control.
On the other hand, when the SUSM is driven, the spherical rotor rotates, and the stator generates the heat by oscillation. So, the freezing is generated during stopping the SUSM, and the freezing is melted during driving the SUSM. However, when the temperature in the thermostat oven was less than −80 °C, the freezing stayed behind, and drive of the SUSM is disturbed by the freezing. And the drive of the SUSM could be confirmed in −120 °C of the target temperature, but the SUSM was stopped several minutes later because the freezing also stayed behind during drive the SUSM. Therefore, the lowest limit temperature as low temperature environment was defined in −80 °C of the temperature which does not influence drive of SUSM by this investigation. However, it is guessed at that the freezing is also carefree in low temperature environment, because an actual space environment is dry. Regarding Fig. 5 , it is considered below about that the rotational speed of the SUSM was decreased and that the SUSM was stopped in 61 minutes and 20 seconds. There are major causes of two. As the first, it is considered that the difference has been caused between the true resonant frequency of the piezoelectric element and the resonant frequency searched automatically because the temperature difference was generated in the phase A, phase B and phase FB of the piezoelectric element. As the second, it is considered that the freezing which stayed behind had an influence because the freezing which has occurred to a gap of the stator and the spherical rotor by reciprocation limited in the drive direction could not be melted by heat. 
Results of measurement of rotational speed
Performance evaluation of SUSM in temperature cycle
An artificial satellite is exposed to high temperature environment and low temperature environment by surrounding on the orbit. Then, the outside of the artificial satellite has a hot place and a cold place by the posture of the artificial satellite. The SUSM used at space receives the temperature cycle with the big temperature difference. The performance of the SUSM by influence of the temperature cycle is estimated at this chapter.
Influence of temperature cycle to stator
When the material is the laminated structure, an adjustment about the coefficients of thermal expansion of each material is important by the environment with the temperature cycle. When laminating material different in the coefficient of thermal expansion during the material receives a thermal pulse like the temperature cycle of the short time, a crack occurs to bonded surface of laminating material.
The stator of the SUSM is the laminated structure which consists of the elastic body, the N6 piezoelectric element and the adhesive TB2285. The material of the elastic body is a phosphor bronze and the coefficient of thermal expansion is 18.2×10 −6 /°C. The main ingredient of N6 piezoelectric element is a zircon acid titanic acid lead, and the coefficient of thermal expansion is 1.2×10 −6 /°C. The coefficient of thermal expansion of adhesive TB2285 is 33.0×10 −6 /°C. It is considered that the SUSM for space is weak in a thermal pulse because the coefficient of thermal expansion of each material of tshe SUSM for space is different.
Influence of temperature cycle to rotational speed
To estimate influence of the temperature cycle to the rotational speed, the same experimental equipment as Fig. 3 was used. The range of the temperature change was from −80 °C to 120 °C, and the rotational speed of the SUSM was measured every 10 °C. The temperature cycle was divided into three stages. At the first stage, the temperature rose from 20 °C to 120 °C by using the internal heater. At the next stage, the temperature was descended in from 120 °C to −80 °C by liquid nitrogen gas. At the last stage, the temperature rose from −80 °C to 20 °C by using the internal heater. Temperature change was assumed 1.6 °C/min of low speed. The total time of the temperature change was approximately 12 hours including measurement time. The calculation method of the rotational speed is like Section 3.1.
Impedance of the piezoelectric element of the stator was measured in each temperature using the impedance analyzer. Impedance was measured by the following five temperatures respectively; 20 °C of the room temperature when beginning, 120 °C of the upper limit temperature, 20 °C of the room temperature included in cooling process from 120 °C to −80 °C, −80 °C of the lowest limit temperature, and 20°C of the room temperature in the end of heating process from 80 °C to 20 °C. The results of measurement of impedance are indicated on Fig. 6 . Because sharpness of the impedance curved line is observed in the measured temperature, it is understood to maintain piezoelectric. And there is a little difference in the resonance frequency and the anti-resonance frequency about 20 °C of the room temperature which was measured 3 times during the temperature cycle. However, because the peak value of the impedance is observed, there are no problems.
Fig. 6. Comparison of impedance characteristics in temperature cycle
The results of measurement of the rotational speed are indicated on Fig. 7 . When it was heated from 20 °C of the room temperature, the high rotational speed was maintained. And when it was more than 100 °C, the rotational speed was decreased suddenly. When it was cooled from 120 °C of the upper limit temperature, the rotational speed became high again. And when it was less than 0 °C, the rotational speed was decreased. The rotational speed in the low temperature environment indicated the fixed low numerical value which has no dependence of the temperature. When the temperature rose again, it was confirmed that the rotational speed turns back. The causes of the decrease of the rotational speed in the high temperature environment are considered according to a decline of piezoelectric of a piezoelectric element and a decline of the hardness of the adhesive which attaches the piezoelectric element to the elastic body. The glass transition temperature is 180 °C for adhesive TB2285 which is used by this investigation, and the ambient temperature does not reach the glass transition temperature by 120 °C. On the other hand, when the voltage is impressed on a piezoelectric element, heat is caused. It is considered that the hardness of the adhesive fell because the temperature of the adhesive rose locally by this heat. The causes of the decrease of the rotational speed in the low temperature environment are considered according to the freezing which occurs on the sliding surface and the characteristic of the piezoelectric element. As it was described at Chapter 2, when each numerical value of the electromechanical coupling coefficient, the capacitance and the modulus of rigidity of the elastic body undergo influence of temperature change, the of vertical oscillation is smaller than the value of the room temperature. And it is predicted that of the horizontal oscillation is also proportionally smaller than the value of the room temperature. Therefore, it is considered that the rotational speed decreased by reduction of the horizontal oscillation.
Influence of temperature cycle to torque
To estimate influence of the temperature cycle to the torque, a pulley was added to the experimental equipment of Fig. 3 . The experimental equipment with the pulley is indicated on Fig. 8 . One end of a wire was installed in the guide bar, and another end of a wire was installed in the spring balance in the outside from the thermostat oven underside through the pulley. The load of driving the SUSM was measured using the spring balance and the load torque was calculated. The maximum load of the spring balance is 1.1 N, and the minimum scale is 0.02 N. To use the spring balance of outside of the thermostat oven, a part of the thermostat oven underside was opened by this measurement. When a part of the thermostat oven underside was opened, the SUSM was caused freezing in less than −50 °C like Section 3.2. Therefore, the lowest limit temperature in the low temperature environment is −50 °C without influence of freezing by this experiment. Influence of the temperature cycle to the torque was estimated in the range of the temperature change from −50 °C to 120 °C. The temperature cycle was divided into three stages. At the first stage, the temperature rose from 20 °C to 120 °C by using the internal heater. At the next stage, the temperature was descended in from 120 °C to −50 °C by liquid nitrogen gas. At the last stage, the temperature rose from −50 °C to 20 °C by using the internal heater. Temperature change was assumed 1.0 °C/min of low speed. The total time of the temperature change was approximately 6 hours including measurement time. Torque was measured by the following five temperatures respectively; 20 °C of the room temperature when beginning, 120 °C of the upper limit temperature, 20 °C of the room temperature included in cooling process from 120 °C to −50 °C, −50 °C of the lowest limit temperature.
Load torque in each temperature is indicated in Table 1 . Decrease of the torque was observed by 120 °C of the upper limit temperature. However, a big torque change was not observed by 20 °C of the room temperature and −50 °C of the lowest limit temperature. Therefore, it is supposed that the stable torque is obtained from the room temperature environment to the low temperature environment without freezing and that the stable torque is obtained when the environment returns to room temperature again even if the torque is decreased in high temperature environment.
Evaluation about characteristic of torque -rotational speed
Weights are installed in the wire of the experimental equipment indicated on Fig. 8 by measurement about the characteristic of the torque-rotational speed. The rotational speed to the torque was measured by changing the mass of the weight. The mass of the weight is from 0 g to 35 g every 5 g. The rotational speed was calculated from reciprocation of the guide bar along the guide-rail indicated on Fig. 8 . These experiments were carried out in 20 °C of the room temperature, 120 °C of the upper limit temperature and −50 °C of the lowest limit temperature. The experimental results are indicated on Fig. 9 . A characteristic of the torque-rotational speed indicates the dropping characteristic by general ultrasonic motor. And ultrasonic motor has the characteristic of the high torque in low speed. The drooping characteristic is also obtained regarding this SUSM, and the characteristic of the high torque in low speed is also maintained in the environment of high temperature, room temperature and low temperature. On the other hand, the characteristic of the torque-rotational speed fell in both of low temperature and high temperature compared with room temperature. The cause of the fall in low temperature environment by comparison with room temperature is considered according to the characteristic of the piezoelectric element and the freezing which occurs on the sliding surface. The causes of the fall in high temperature environment by comparison with room temperature are considered according to a decline of piezoelectric of the piezoelectric element and a decline of the hardness of the adhesive which attaches the piezoelectric element to the elastic body. The respective reasons were considered already at Section 4.2 and Section 4.3.
Conclusions
Development of the SUSM for space aiming at alternative use of the actuator used by an artificial satellite is being tried by this investigation. The SUSM for space has to be driven by both of high temperature environment and low temperature environment because an artificial satellite is exposed to high temperature environment and low temperature environment in space. The piezoelectric element and the adhesive of the SUSM were selected and estimated in high temperature environment by the previous investigation. So, it was the purpose of this investigation to estimate in low temperature environment to the piezoelectric element and the adhesive selected in high temperature environment. And it was also the purpose of this investigation to estimate the characteristic of the SUSM in low temperature environment and the temperature cycle.
When durability tests for the SUSM were carried out in temperature of −80 °C, approximately 60 minutes as accumulated drive time was achieved. Therefore, it was confirmed that the piezoelectric element and the adhesive selected in high temperature environment also function in low temperature environment. On the other hand, the characteristic of the SUSM was estimated in the environment of the temperature cycle. It was confirmed that piezoelectric of the piezoelectric element is maintained irrespective of the temperature from measuring result of impedance. The characteristic of the SUSM of high torque in low speed was confirmed in high temperature environment and low temperature environment. And the decline of the rotational speed was observed in high temperature environment and low temperature environment, but it was confirmed to return to the usual rotational speed again in room temperature.
